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Abstract 
This study described the structural, dielectric, and piezoelectric behavior of (1-x)Pb(Zr0.51 Ti0.49)O3-xSm(Fe0.5 , Nb0.5)O3 ceramics 
(PZT-SFN, x = 0.02, 0.04, 0.06, 0.08 and 0.10), prepared by a high-temperature solid-state reaction technique. X-ray diffraction, 
dielectric, and piezoelectric investigations were carried out to analyze the crystal structure. Preliminary X-ray structural analysis 
of the materials at room temperature has confirmed their formation in single-phase with tetragonal crystal structure. SFN-doping 
increased the sintered density and the average grain size of lead zirconate titanate ceramics. The room temperature dielectric 
permittivity ɛr, tangent loss tan δ, piezoelectric coefficient d31, electromechanical coupling factor kp, and mechanical quality 
factor Qm of 0.92PZT–0.08SFN ceramics are 940, 1.43 %, 119 pC/N, 67.10 %, 326, respectively, which mean it has a great 
promise for actuator applications. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Lead based perovskites form an important class of ferroelectrics. They have been widely investigated for their 
technological properties like high dielectric constant and piezoelectric coefficient which make them excellent 
candidates for device applications such as multilayer capacitors, transducers and actuators [1–3]. The Pb(Zrx Ti1-x)O3 
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system and its modified solid solutions are known to exhibit excellent dielectric, elastic and piezoelectric properties 
at the Morphotropic Phase Boundary (MPB) [4–7]. This MPB is believed to be a coexistence region of two phases 
namely, tetragonal and monoclinic phases and still is a topic of great debate [8–16]. 
PZT doped with acceptor ions, such as Fe (at the B-site), creates oxygen vacancies in the lattice. However, PZT 
doped with donor ions, such as Sm (at the A-site) and Nb (at the B-site), results in vacancies in the A-site known as 
lead vacancies [17,18]. Lead vacancies reduce the stress level in the crystalline lattice and allow internal movements 
in the lattice. Therefore, these effects increase the piezoelectric performance. 
In the present study, the complex doping of two or more elements was expected to improve the properties, 
compared to those of single-element donor- or acceptor-doped PZT.  
(1-x)Pb(Zr0.51 Ti0.49)O3-xSm(Fe0.5 , Nb0.5)O3 (PZT-SFN) ceramics were formed by Sm doping at the A-sites and 
the multiple (Fe and Nb) ions doping at the B-sites of PZT ceramics. The dielectric and piezoelectric properties of 
PZT-SFN ceramics were investigated with x = 0.02, 0.04, 0.06, 0.08 and 0.10. The various compositions were 
prepared by a high-temperature solid-state reaction technique. The findings related to the microstructure as well as 
the piezoelectric, and dielectric behavior of PZT-SFN ceramics were reported. 
2. Experimental procedures 
The ceramics were prepared using conventional mixed oxide processing. The general formula of the materials 
was (1-x)Pb(Zr0.51 Ti0.49)O3-xSm(Fe0.5 , Nb0.5)O3 with x = 0.02, 0.04, 0.06, 0.08 and 0.10. Industrial-grade raw 
powders of Pb3O4 (99%), ZrO2 (99%), TiO2 (98%), Sm2O3 (99%), Nb2O5 (99.5%), and Fe2O3 (99.9%) were used as 
raw materials. The mixtures were ball-milled in ethanol for 24 h, dried and calcined at 800°C for 2 h, then remilled 
for 30 min. After drying, the powders were pressed in to disks with diameter of 10 mm under 1000 Kg.cm-2 using a 
solution of polyvinyl alcohol (PVA) as binder. All samples were sintered at 1150°C. Both surfaces of the sintered 
discs were ground, polished, then pasted with silver, and fired at 750°C. 
The bulk density was measured through the Archimedean method. The microstructure of the fracture surfaces of 
sintered bodies was observed using scanning electron microscopy (SEM, model Quanta 200; FEI Company). Phase 
structure was detected by x-ray diffraction (XRD, model DMX-2550/PC; Rigaku, Japan) analysis. Dielectric 
properties were obtained by measuring the capacitance and dielectric loss at 1 kHz at room temperature using a 
multifrequency inductance–capacitance–resistance (LCR) analyzer (HP model 4294A; Agilent, USA).  
The piezoelectric constant (d31 and g31) was measured using a quasistatic piezoelectric meter. The samples were 
poled at 120°C for 30 min under a direct-current (dc) electric field of 3 kV/mm in silicone oil. Twenty four hours 
after poling, the electromechanical coupling factor (Kp) and mechanical quality factor (Qm) were determined by the 
resonance–anti-resonance technique on the basis by using the maximum and the minimum of spectra admittance (at 
room temperature). 
3. Results and discussions 
3.1. Phase structure 
Fig.1 shows the XRD patterns of specimens sintered at 1150°C as a function of SFN content. The typical 
tetragonal phase for perovskite at room Temperature is typically characterized by separated (100), (001) peaks at 
around 2θ = 22° and separated (200), (002) peaks at around 2θ = 45°, indicating that the formation of the tetragonal 
phase is not affected by addition of the SFN dopant. 
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Fig. 1. XRD patterns of (1-x)PZT-xSFN ceramics with different SFN contents in the 2θ range of 0° –90°. 
3.2. Microstructure and relative densities 
Fig. 2 shows SEM micrographs of the fractured surfaces of samples as a function of SFN content sintered at 
1150°C. When the SFN content is less than 0.08 wt.%, few pores can be found in sample a, showing that the 
ceramics are all compact for such SFN addition. The grains all grow well, especially in sample b, which shows a 
relatively uniform size. 
However, when the SFN content was increased above 0.08 wt.%, the grain size became inhomogeneous. Besides, 
some pores were found in the fracture surface of sample c. This may be due to excess Sm3+, Fe3+, and Nb5+ ions 
beyond the solubility limit, which cannot dissolve well in the solid solution and are believed to segregate at grain 
boundaries to affect the growth of the ceramic grains. 
 
Fig. 2. SEM micrographs of fracture surfaces of ceramics as a function of SFN content: (a) x = 0.06, (b) x = 0.08, (c) x = 0.10. 
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Fig. 3 shows the bulk density of the ceramics as a function of the SFN content. With increasing SFN content, the 
density first increases, reaching a maximum value of 7.55 g/cm3 in sample with 0.08 wt.% SFN. When the SFN 
content was above 0.08 wt.%, the density decreased. In addition, the density results in Fig. 3 are consistent with the 
porosity variations shown in Fig. 2 which lead to the decreasing density. These results show that adding an 
appropriate amount of SFN can promote the densification behavior, because of the enhanced sintering activity. This 
may be due to mass transfer caused by oxygen vacancies via partial substitution of Fe3+ for Zr4+ and Ti4+, which is 
used as a transferred carrier to accelerate mass mobility [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Density of ceramics as a function of SFN content. 
3.3. Dielectric and piezoelectric properties 
Fig. 4 shows changes of the dielectric constant (ɛr) and dielectric loss (tanδ) as a function of amount of SFN 
substitution. As can be seen, both ɛr and tanδ show an inverse variation with increasing SFN content. With 
increasing SFN content, ɛr increase and reach the maximum value at 0.08 wt.% content, which are 940. Further 
increasing SFN content beyond 0.08 wt.% cause the rapid drop in ɛr value. The improvement of the dielectric of the 
ceramics after adding small amounts of SFN is mainly due to the mechanisms of densification and grain size. During 
sintering, the presence of SFN liquid phase enhances the density and grain size, which leads to the improvement of 
the electrical properties. At the same time, in the later stage of sintering process, Sm, Fe and Nb ions are reabsorbed 
in to the lattice, the ions occupying at A-and B- sites of the PZT-SFN lattice with the balance between charges and 
vacancies in the crystal lattice could also have resulted in enhanced piezoelectric properties. The appearance of lead 
vacancies and oxygen vacancies and the distortion of crystal lattice by Sm3+, Fe3+   and Nb5+ ions substituted for Pb2+ 
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and Zr4+/Ti4+ ions facilitate the motion of domain walls resulting in a shift of domain states in the lattice. The 
increase of lead vacancies could generate electrons by ionization; most of the holes from lead vacancies are 
compensated by electrons from the donor level to increase the resistivity of PZT with the addition of donor dopants. 
As a result of higher resistivity, PZT piezoceramics are easily poled by domain reorientation.  
Fig. 4. Changes of the dielectric constant (ɛr) and dielectric loss (tanδ) at room temperature of 
(1-x)Pb(Zr0.51 Ti0.49)O3-xSm(Fe0.5 , Nb0.5)O3 ceramics with different SFN content. 
The piezoelectric parameters Kp, Qm, d31, and g31 as a function of SFN content are shown in Fig. 5 (a)-(b). As can 
be seen, both Kp, Qm, d31, and g31 show a similar variation with increasing SFN content. With increasing SFN 
content, Kp, Qm, d31, and g31 increase at ﬁrst and reach the maximum values at 0.08 wt.% content, which are        
67.10 %, 326, 119 pC/N, 0.016 mV/N, respectively. The increase of Kp, Qm, d31, and g31 may be due to the low-
valence substitution of Fe3+ for Zr4+ and Ti4+, which will lead to the appearance of oxygen vacancies to maintain 
electrovalence balance. The oxygen vacancies will produce a ‘‘pinning effect’’ on domain rotation; thereby, the 
material becomes ‘‘hard’’ [20,21]. The decrease of Kp, Qm, d31, and g31 may be caused by the decreasing density.  
In addition, the changes of Kp, Qm, d31, and g31 are complex and slightly different from traditional acceptor doping 
effects, because two factors act together to cause the variation of the electrical properties, i.e., Fe3+ modification 
resulting in the development of hard piezoelectric behavior, and densification of the ceramics with SFN addition. 
Therefore, under the combination of both of these effects, some electrical properties do not agree with the expected 
hard characteristics of this system. 
0,02 0,04 0,06 0,08 0,10
760
780
800
820
840
860
880
900
920
940
960
 
 r
 tg 
Content of SFN (mol%) 

r
1,4
1,5
1,6
1,7
1,8
1,9
2,0
tg

 (%
)
 Fares Kahoul et al. /  Energy Procedia  74 ( 2015 )  184 – 190 189
Fig. 5. Kp, Qm, d31, and g31 of ceramics as a function of SFN content. 
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4. Conclusions 
A series of (1-x)Pb(Zr0.51 Ti0.49)O3-xSm(Fe0.5 , Nb0.5)O3 ceramics (x = 0.02, 0.04, 0.06, 0.08 and 0.10) were 
synthesized by conventional mixed-oxide ceramic processing techniques. The structure, dielectric and piezoelectric 
properties were investigated systematically. The results indicate that SFN-modified ceramics exhibit the tetragonal 
phase. Modest amounts of SFN addition can improve the densification (x≤0.08). The composition with x = 0.08 
possessed the optimum electrical properties. The room temperature dielectric permittivity ɛr, tangent loss tanδ, 
electromechanical coupling factor kp, mechanical quality factor Qm, and piezoelectric coefficient (d31and g31) of 
0.92PZT–0.08SFN ceramics are 940, 1.43 %, 67.10 %, 326, 119 pC/N, 0.016 mV/N  , respectively, which mean it 
has a great promise for actuator applications. 
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